Takakia lepidozioides has been considered to be the most primitive liverwort morphologically and classified initially in the Marchantiophyta (liverworts). However, the Takakia have been reclassified from liverworts to mosses on the basis of the similarity of the male sporophyte of T. ceratophylla to that of some mosses. Reinvestigation of secondary metabolites of fresh T. lepidozioides resulted in identification of eudesmane-type sesquiterpene lactones and hydrocarbon that are significant chemical markers of several liverworts. T. lepidozioides also produces a small amount of hop-22(29)-ene, together with coumarin, which produce the characteristic odor of T. lepidozioides, and 1,4-hydroquinone; these are the predominant volatile components, whereas dihydrocoumarin, 1,4-benzoquinone, dihydrobenzofuran, -asarone and -tocopherol are minor components. These chemical results indicated that T. lepidozioides is more closely related to the Marchantiophyta than the Bryophyta. T. lepidozioides is morphologically similar to the liverwort Haplomitrium species. However, both species are totally different chemically. He has studied not only bioactive constituents of bryophytes and pteridophytes and their biosynthesis, but also bioactive secondary metabolites of inedible mushrooms and aromatic and medicinal plants, as well as biotransformation of secondary metabolites by fungi and mammals, and oxidation reactions of organic peracids. He has authored more than 600 original papers, 25 reviews and 37 books and monographs.
One of the most important discoveries in the plant sciences in the last century is that by the Japanese bryologist, N. Takaki, of a mysterious tiny terrestrial green plant, later named Takakia lepidozioides Hatto. & Inoue [1] . The Japanese authority name is "Nanjamonjagoke", which means " what is this" for Nanja and "something like that" for Monja" and "goke" means bryophytes, because this plant was not identified taxonomically for a long time. When it was discovered, the botanists thought that it might be a liverwort, moss, green alga, or even the gametophyte of some fern. In 1958, Hattori and Inoue [1] reported that T. lepidozioides was a liverwort by the morphological similarity between the title plant and several liverworts. It is a very primitive plant because it possesses only 4 chromosomes [2] . Since T. lepidozioides was found in Japan, it was further discovered in Borneo, British Colombia, Alaska and East Himalayas [3] . Furthermore, a similar species to T. lepidozioides, T. ceratophylla (Mitt.) Grolle was recorded in the Eastern Himalayas and Aleutian Islands and its chromosome number was only 5 [3] .
We are continuing to study the secondary metabolites of bryophytes from the pharmaceutical and chemosystematic points of view and have reported that mosses, liverworts and hornworts are totally different chemically, and that the chemical constituents of liverworts quite resemble those found in brown algae, but not to green algae. Also, from the chemical evidence, unification is warranted between the Jungermanniales and Metzgeriales in the Marchantiophyta [4] [5] [6] . Since the discovery of T. lepidozioides and T. ceratophylla, many bryologists have discussed the taxonomic positioning of these two plants [3, [7] [8] [9] [10] [11] [12] [13] In 1979, we reported that cultured T. lepidozioides produced a eudesmane-type sesquiterpene hydrocarbon, -selinene (1), and a eudesmanolide, diplophyllolide (4) , which are the most significant chemical markers of the liverworts Diplophyllum albicans and Chiloscyphus polyanthos, together with a hopane-type triterpene hydrocarbon, hop-22(29)-ene (8) , and three phytosterols. However, dried T. ceratophylla elaborated three ubiquitous sesquiterpenoids, -barbatene (3), calamenene (6) and cuparene (7) found in liverworts, along with two hopane-type triterpene hydrocarbons, hop-17(21)-ene (9) and neohop-13(18)-ene (10) , and three phytosterols identical to those found in the former Takakia species [14] . On the basis of the above chemical evidence we suggested that both Takakia species could be classified in the Marchantiophyta as Hattori and Inoue had proposed, as mentioned above [1] .
However, fourteen years later, after we reported the above suggestion, Smith and Davison [15] reclassified Takakia species as moss on the basis of a morphological study of the antheridia and sporophytes of T. ceratophylla, and the Takakia species were now classified as Takakiaceae, Takakiophyta, Bryophyta, as shown in Figure 1 [13] . In order to reconfirm the presence of sesquiterpene lactones in T. lepidozioides collected in the field, and to clarify the taxonomical position of the title plant and T. ceratophylla chemically, we reinvestigated the secondary metabolites of T. lepidozioides by TLC, GC/MS and NMR spectroscopic methods. TLC of the diethyl ether extract of fresh T. lepidozioides showed the presence of a strong fluorescent spot as the major component, as well as lipophilic components. GC/MS ( Figure 2 ) showed the presence of coumarin (11) , which was identical to the fluorescent spot, and was confirmed by coinjection of an authentic sample onto GC/MS, and the presence of the same chemical shifts of coumarin in the 1 H NMR spectrum of the crude extract. The strong coumarinlike odor of T. lepidozioides is due to the large amount of coumarin (11) as a volatile component [16] . Mizutani [17] reported that dried T. lepidozioides emitted a strong and refreshing odor. This aroma might originate from coumarin (11) . This is the first identification of coumarin in bryophytes.
GC/MS demonstrated the presence of diplophyllin (5) and diplophyllolide (4), which have been identified earlier in the same cultured plant [14] . In addition, one eudesmane-type sesquiterpene hydrocarbon, selina-4(11)-diene (2), and -tocopherol were detected, both of which have been detected in many liverworts [6] .
1,4-Hydroquinone (13) was also detected as the second major volatile by GC/MS. In addition, dihydrocoumarin (12), 1,4-benzoquinone (14) , dihydrobenzofuran (15), -asarone (16) and -tocopherol were also found, as minor components. The identification of compounds 12, 14, and 15 was the first time for bryophytes .
The volatile components found in fresh T. lepidozioides might originate from oil droplets included in its gametophytes. Hop-22(29-ene (8), a triterpene hydrocarbon, which has been detected in the cultured specimen of T. lepidozioides, was also identified in the same fresh plant as a minor component, as shown in Figure 3 .
Jia et al. [3] demonstrated that T. lepidozioides is phytotaxonomically very different from T. ceratophylla. This suggestion was supported not only by the different chromosome numbers, but also by chemical differences, especially the presence of eudesmanolides in the former species and absence in the latter.
Bryophyta
Takakiidae Takakiaceae  Takakia  Takakia lepidozioides  Takakia Schuster [11] demonstrated that the Takakia species might be classified between the Bryophyta and the Marchantiophyta by the morphological similarity of the gametophytes in the Marchantiophyta and sporophytes in the Bryophyta. Jia et al [3] concluded that Takakia was neither Bryophyta nor Marchantiophyta and should be classified independently in the Bryophyta. The above two suggestions were supported by the fact that T. lepidozioides and T. ceratophylla have lower chromosome numbers and produce sesquiterpenoids and hopane-type triterpene hydrocarbons, which are often found in the Bryophyta, although they have also been found in many liverworts, such as Reboulia, Asterella, Bazzania, Chandonanthus,and Conocephalum, among others [6] .
In conclusion, the very primitive terrestrial plant, Takakia lepidozioides produces not only simple aromatic compounds, but also eudesmane sesquiterpene lactones (4, 5) , which are one of the most significant chemical markers of the Marchantiophyta. These sesquiterpene lactones have not yet been found in any species of Bryophyta. Thus T. lepidozioides is chemically very closely related to the Marchantiophyta although it has been reclassified into the Bryophyta from morphological similarity of sporophytes to those of certain mosses. Only dried T. ceratophylla was chemically studied and confirmed the presence of a few ubiquitous sesquiterpene hydrocarbons (3, 6, 7) , detected in liverworts, along with two hopane triterpenoids (9, 10) [14] . These results also support that T. ceratophylla is more closely related to the Marchantiophyta than the Bryophyta.
The gametophytes of the Takakia species are similar to those of the liverworts, Haplomitrium and Blepharostoma species. However, the Takakia are totally different from Haplomitrium since the latter species produce structurally unique, complicated labdane-type diterpenoids as their predominant components [5] .
Experimental
Plant material: Takakia lepidozioides (2.10 g) was collected in Jigokudani, Nagano, Japan, in 2011. Fresh T. lepidozioides (1.30 g) was ground in diethyl ether, followed by filtration through a Pasteur pipette packed with silica gel to give a green extract having a strong coumarin-like odor. The extract was analyzed by TLC, GC/MS and 400 MHz NMR spectroscopy. TLC separations were made on silica gel 60F 254 (0.25 mm) and visualized by spraying with 30% sulfuric acid and heating at 110 o C on a hot plate.
GC-MS analysis:
This was conducted using an Agilent Technologies 6890N gas chromatograph coupled with a mass detector (Agilent Technologies 5973) provided with a capillary HP-5MS column (30 m x 0.25 mm, 0.26 mm). The analysis was performed in EI mode (70eV) using helium at 1 mL/min. The injection temperature was set at 250⁰C. The analysis was carried out with a temperature program starting from 50⁰C, with an initial 3 min hold, to 250⁰C with a 5⁰C/min heating ramp, and keeping the final temperature stable for 15 min. The mass range was set at m/z 40-500 with 3 scans. Co-injections of the extracts with C 9 -C 25 hydrocarbons were performed under the same conditions. Mass Finder 2.3 program [18] , NIST library and literature were used to identify terpenoids.
